A procedure using the virus-associated reverse transcriptase was developed for following the kinetics of adsorption, penetration, and uncoating of murine leukemia virus. Viral adsorption to cell membrane was determined by assaying this enzyme activity in isolated debris of mechanically disrupted cells after infection with murine leukemia virus in the presence of actinomycin D. At 370C, viral adsorption proceeded at a high initial rate, but after 5 min of incubation with the virus, it gradually slowed down. At 40C, viral adsorption was slower but proceeded at a linear rate. Intracellular virus was determined by centrifuging the cytoplasmic fraction of the disrupted cells at 105,000 x g for 45 min and assaying reversetranscriptase activity in the high-speed pellet thus obtained. Sucrose gradient analysis of the enzyme activity recovered from the cytoplasm of infected cells indicated that this activity represented intact virus particles. No appreciable amount of such particles was recovered from the cytoplasm of cells infected at 40C. This indicates that the virions recovered from the cytoplasm of cells infected at 370C are indeed intracellular virus particles which penetrated into the cells and not just membrane-bound particles mechanically released to the cytoplasmic fraction during cell disruption. By this procedure intracellular virus was found to accumulate in the cytoplasm, reaching a maximal level within 20 min. The accumulated intracellular virus particles gradually disappeared from the cytoplasm, evidently due to their uncoating which was completed within 80 min.
A procedure using the virus-associated reverse transcriptase was developed for following the kinetics of adsorption, penetration, and uncoating of murine leukemia virus. Viral adsorption to cell membrane was determined by assaying this enzyme activity in isolated debris of mechanically disrupted cells after infection with murine leukemia virus in the presence of actinomycin D. At 370C, viral adsorption proceeded at a high initial rate, but after 5 min of incubation with the virus, it gradually slowed down. At 40C, viral adsorption was slower but proceeded at a linear rate. Intracellular virus was determined by centrifuging the cytoplasmic fraction of the disrupted cells at 105,000 x g for 45 min and assaying reversetranscriptase activity in the high-speed pellet thus obtained. Sucrose gradient analysis of the enzyme activity recovered from the cytoplasm of infected cells indicated that this activity represented intact virus particles. No appreciable amount of such particles was recovered from the cytoplasm of cells infected at 40C. This indicates that the virions recovered from the cytoplasm of cells infected at 370C are indeed intracellular virus particles which penetrated into the cells and not just membrane-bound particles mechanically released to the cytoplasmic fraction during cell disruption. By this procedure intracellular virus was found to accumulate in the cytoplasm, reaching a maximal level within 20 min. The accumulated intracellular virus particles gradually disappeared from the cytoplasm, evidently due to their uncoating which was completed within 80 min.
Virus infection starts with adsorption of viral particles to the cell surface, followed by penetration into its cytoplasm. Early studies have indicated that most animal viruses are engulfed by a phagocytic process (6) . However, later investigations have revealed that some viruses penetrate the cells by fusing their envelope with the cell membrane (2, 3, 5, 8, (10) (11) (12) (15) (16) (17) , whereas others penetrate through a puncture produced in the cell membrane at their attachment site (18) .
Little information is available as to the mode of entry of RNA tumor viruses into the cell. Electron microscopic studies have shown that avian RNA tumor viruses (7) and the mouse mammary tumor virus (20) enter the cells by phagocytosis, whereas murine leukemia virus (MLV) penetrates the cells through a hole made in the cell membrane (14) .
Electron microscopic studies are indeed efficient for visual illustration of virus particles outside or inside the cells. It seems, however, that a simple, biochemical procedure would be more convenient for following the accurate kinetics of these early steps of the infectious cycle. We therefore developed such a procedure, using the virus-associated reverse-transcriptase activity for studying these steps in MLV infection. After viral penetration into the cell, this enzyme remains in a particulated form until decapsidation of the intracellular virion is completed. In this form the enzyme activity can be recovered from the cytoplasmic fraction of disrupted cells by high-speed centrifugation. After 
RESULTS
Recovery of virus-associated reverse transcriptase from disrupted cells. Cells were infected for 45 min at 370C, washed of unadsorbed virus, and disrupted as described above. To detect membrane-bound virions, cell debris was sedimented, suspended in a small volume, and assayed for reverse-transcriptase activity. Mock-infected cells served as a control. Table 1 shows that, in a complete reaction mixture, cell debris of uninfected cells exhibited a relatively high activity. The nature of this activity was elucidated by carrying out the reaction under various conditions. Omission of poly(rA). oligo(dT) reduced the radioactivity incorporation by 25%, indicating that this amount of activity was due to utilization of this templateprimer by cellular enzymes. Cellular DNA polymerases II (21) and III (13) are known to be capable of exerting such an activity. On the other hand, addition of actinomycin D resulted in an even stronger inhibition, which quantitatively was identical whether or not poly(rA). oligo(dT) was present (compare the differences between lines 1 and 2 and between lines 3 and 4 of Table 1 ). This suggests that the cell debris activity of uninfected cells consists primarily of DNA-dependent DNA synthesis, using cellular DNA fragments as template. Therefore, when reverse-transcriptase activity of membranebound virions was to be determined in debris of infected cells, actinomycin D was added to minimize the background activity of cellular enzymes. Under such conditions the activity of cell debris from infected cells was about four times higher than that of uninfected cells (compare lines 2 and 5 of Table 1 ). This difference certainly represents viral activity.
Cytoplasmic virions were determined by highspeed centrifugation (105,000 x g, 45 min) of the Table 2 ). The effect of sonic treatment observed in the infected cells can be related either to a release of intracellular virions trapped by cell debris or to dissociation of membranebound viruses. The amount of virions recovered in the HS pellet was much smaller than that of the membrane-bound virus. Therefore, the variation due to sonic treatment observed in the free virus of the cytoplasmic fraction was not properly reflected in the cell debris ( Table 2 ).
Evidence that the free virions are intraceliular. To find out whether the enzyme activity of the HS pellet represents intracellular virions or membrane-bound particles released by sonic treatment, cells were infected for 45 min at 40C. This low temperature permits virus adsorption but not its penetration (12) . If the free virions recovered by our standard procedure are not intracellular but rather generated from the cell membrane, the amount of virus that can be recovered from cells infected at 4°C should be comparable to that of cells infected at 37°C. Figure 2 shows that the enzyme activity recovered from cells infected at 40C was extremely low compared with that of cells infected at 370C.
It is therefore concluded that the free virions are indeed intracellular. This conclusion was further substantiated by the finding that, when cells were infected at 40C, washed of unadsorbed virus, and then incubated for 25 min at 370C, a remarkable amount of free virions was recovered from the cytoplasmic fraction.
It is thus evident that reverse-transcriptase activity can serve as an efficient tool for detecting membrane-adsorbed virus as well as intracellular virions.
Effect of temperature on the kinetics of viral adsorption. In the experiment shown in Fig. 3 , we elucidated the effect of temperature on the kinetics of viral adsorption to the cell membrane. Cells were incubated with MLV at 370C and in parallel at 4°C. At various intervals, unadsorbed virus was removed, the cells were scraped by a policeman instead of with trypsin (to avoid degradation of membrane-bound viri- Kinetics of viral penetration. Viral penetration was followed by incubating the cells with MLV for 60 min at 4°C. After removal of unadsorbed virus, the cells were covered with prewarmed medium and further incubated at 370C.
At various times thereafter, sampled cells were analyzed for virus-associated reverse-transcriptase activity in their HS pellet. Figure 4 shows a rapid accumulation of sedimentable virions in the cytoplasm, reaching a maximal level at 20 min after shifting to 370C. Thereafter, a decline in the intracellular virus particles was observed. This decline most likely reflected the effect of uncoating of the accumulated virus. This later process was further examined in more detail in the next experiment.
Kinetics of viral uncoating. As shown before, viral adsorption to the cell surface was remarkably higher at 370C than at 40C and occurred mainly during the first 5 min (Fig. 3) . On the other hand, accumulation of intracellular virions reach its maximum within 20 min (Fig.  4) . Therefore, cells were incubated with MLV for 25 min at 370C to allow maximnal accumulation of intracellular virions. Cells were washed of unadsorbed virus, covered with prewarmed medium, and, after various times of incubation at 370C, tested for particulated reverse-transcriptase activity in their HS pellets (Fig. 5A ). In addition, each pellet was centrifuged on a 15 to 60% sucrose gradient (Fig. 5B) . Figure 5A Cells were incubated with MLV at 4°C for 60 min. Unadsorbed virus was removed, and the cells were covered with prewarmed medium and incubated at 37°C. At various intervals, sampled cultures were prepared for rederse-transcriptase assay in the HS pellet as described in the legend to Fig. 2 (7, 12, 19) . During our attempts to study the detailed kinetics of these early events of the infectious cycle of MLV, we felt that a simple biochemical demonstration of virus particles would be more accurate and convenient for this purpose. Billiau et al. (4) have been able to demonstrate intracellular virions in cells chronically infected with MLV by radioactively labeling their RNA or protein. In the present study we developed a simple procedure to demonstrate membrane-bound virus and intracellular virions after exogenous infection of MLV, using its reverse transcriptase. Membranebound virus was detected by assaying reversetranscriptase activity in cellular debris of lysed cells in the presence of actinomycin D. Intracellular virions were detected by the enzyme activity of the HS pellet prepared from the clear cytoplasmic fraction, taking advantage of the association of this enzyme to virus particles until these particles are uncoated.
Our procedure for cell disruption included homogenization followed by sonic treatment. Omission of sonic treatment reduced the recovery of virus particles from the cytoplasmic fraction by severalfold. This raised the possibility that the particles detected in the HS pellet were not intracellular virions but rather membranebound viruses mechanically released to the supernatant fluid. Since studies on viral penetration and uncoating depend on the demonstration of intracellular virus particles, it was necessary to eliminate such doubts about the fidelity of our procedure. Clear evidence that the virions recovered from the cytoplasmic fraction were indeed intracellular particles was provided by the experiment in which cells were infected at 4°C. When cells were infected under such conditions, which allow virus adsorption to the cell membrane but not its penetration inside the cell, a merely marginal amount of virus was recovered in the HS pellet. An appreciable amount of virions could be recovered only if, after removal of unadsorbed virus, these cells were further incubated at 37°C for 25 min to allow the penetration of the adsorbed virus. It is thus concluded that the contribution of sonic treatment in increasing the yield of virus recovery from the cytoplasmic fraction results from a release of intracellular virions which apparently are trapped by the cell debris and not due to dissociation of membrane-bound particles.
It is of interest to note that several modes of entry to the cell are known for the various animal viruses (2, 3, 5-8, 10-12, 14-20) . Electron microscopic studies (14) membrane, some of them as intact virions and others as cores after being uncoated of their outer envelope. From our study it is evident that the Moloney strain of MLV penetrates the cells mainly as intact virions. The virus particles recovered in the HS pellet prepared 45 min after infection migrate in a sucrose gradient primarily as the purified virus marker. Nevertheless, a small fraction of this pellet migrates in a pattern typical to cores which are denser than intact virions (9) . It is unclear whether these cores are particles that have penetrated the cells after having already been uncoated or whether they are an intermediate product of the uncoating process of intracellular virions. It seems likely, however, that these cores are decomposed concomitantly with the uncoating of the outer membrane, because otherwise they would be expected to temporarily accumulate in the cytoplasm as a result of this first step of uncoating.
No such accumulation could be observed during the entire course of viral uncoating. When viral penetration was followed, an accumulation of intracellular virions was observed, reaching a maximum at about 20 min, followed by a decline. This decline very likely reflected the effect of uncoating of the accumulated virions. However, it should be stressed that this does not necessarily mean that uncoating starts at this stage and not earlier. Therefore, it is not certain whether the observed accumulation reveals the real kinetics of viral penetration, since it might be just a reflection of the balance between the rates of penetration and uncoating. The penetration kinetics can thus be faithfully elucidated only by blocking viral uncoating. In experiments to be published elsewhere, mouse interferon was found to be an appropriate agent for such a purpose.
